Application of high pressure to crystalline materials can drive dramatic collapses in the unit cell volume. This may be accompanied by electronic changes 1 , structural amorphisation 2 or spin-state transitions 3, 4 . An example of the latter was believed to occur 5 in the simple cubic S= 5 2 material MnS 2 . Using synchrotron x-ray diffraction, we show that pressure actually induces disorder in hydrostatic conditions. We identify a new structure containing edge-sharing chains as the thermodynamic ground state using an evolutionary algorithm 6,7 , and experimentally confirm it by in-situ laser recrystallisation at 20 GPa. The slow kinetics of the phase transition are the result of a ( ∆V V ∼ 22 %) collapse, which dwarfs previously reported effects 1, [3] [4] [5] 8 . The newphase is confirmed to be low-spin S= 1 2 , however, the moments are globally quenched by a metal-metal dimerisation instability. The giant volume anomaly in MnS 2 thus emerges due to competition between two polymorphs with magnetic properties at polar opposites: a classical three-dimensional magnet, and an ordered valence-bond solid with a non-magnetic ground state. We used the same natural sample as previous investigations 5, 19 , and confirmed its purity by diffraction and x-ray fluorescence measurements 21 (S1). Pressure was applied using gas-loaded diamond anvil cells. Up to 11.7 GPa, x-ray diffraction (Fig. 1b) shows that the cubic Pa-3 pyrite structure is preserved, with no reduction in crystallinity and a low 3 bulk modulus of 65.9(3) GPa. Upon exceeding 11.85 GPa, a complete switch occurs. The resolution-limited pyrite peaks are replaced by a series of broad maxima, which render structural analysis impossible. The diffraction pattern continues to evolve up to 29.1 GPa, suggesting a substantial region of phase co-existence. Due to the poor quality of the diffraction data on cold compression, we undertook structure searching using density functional theory (dft) methods. Our initial attempts yielded low-spin metallic pyrite structures as reported previously 18 . However, this could not explain the complex diffraction patterns observed. We therefore used 6,7 the Universal Structure Predictor: Evolutionary algorithm package (uspex) to generate and compare a vast number (ca. 2800) of possible structures. Candidates were locally relaxed using the Vienna ab initio simulation package (vasp) implementation 22-25 of dft within the generalised gradient approximation 26 . This procedure 27 yielded the arsenopyrite structure shown in Fig. 2a . The disulphide dimers are maintained, although the connectivity of the MnS 6 octahedra is dramatically changed with the formation of one-dimensional edge-sharing chains. This structure search was completely ab-initio, with no experimental input.
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To experimentally validate these results, we applied in-situ CO 2 laser heating to the disordered state at 20 GPa. In a matter of seconds (S2), sharp peaks appeared, persisting to our maximum temperature of ∼1500 • C. When the laser was switched off, we obtained a phase-pure diffraction pattern. This was indexed with a primitive monoclinic cell, equivalent to that given by our uspex calculations, in space group P2 1 /c with β≈111
• C, and Rietveld refinement of the arsenopyrite structure proceeded smoothly (Fig. 2b) .
A notable distortion of the edge-sharing chains was found in the refined structure (Fig.   2c ). Alternate manganese sites are displaced to form dimer pairs, with a large variation in Mn-Mn distances from 2.72 to 3.42Å.
The post-laser heating arsenopyrite phase was stable on decompression (S3) to 6 GPa, before a mixed phase region, then complete reversion to pyrite was observed. Comparison with the pyrite cell volume at 11 GPa showed a 22 % reduction in volume (Fig. 3a) .
To our knowledge, this is the largest volume collapse reported for any transition metal oxide or sulfide. Indeed, this exceeds even the 17 % volume collapse in Cerium, which is induced by completely different (f -electron) physics 1 . Upon further decompression into the region of coexistence with pyrite below 6 GPa, the volume difference peaks at around 25 %. At ambient conditions, the recovered pyrite lattice parameter was identical to that before compression. We confirmed the extent of the metastable region independently, by calculating the relative enthalpies of the pyrite and arsenopyrite phases. A crossover in stability at 10 GPa is found (Fig. 3b) , in excellent agreement with experiment.
A change in the spin-state of MnS 2 should be reflected in the bond lengths. However, extracting this information from experiment alone is difficult, due to the low-symmetry and texture effects at high pressure. We therefore calculated the pressure dependence of the Mn-Mn and Mn-S distances in both the pyrite and arsenopyrite structures. As shown in Fig.   3c and 3d, a large reduction in the Mn-Mn distances is found at the pyrite→arsenopyrite transition. We also reproduced the dimerisation in the edge-sharing chains. This can be seen to be enhanced under pressure, with a marked increase above 16 GPa. When we compared these results with those extracted from Rietveld refinement 28 against the experimental data, we found near-perfect agreement. Similar excellent agreement can be seen for the important <Mn-S> distance. This should be expanded when e g electron density is present (in the pyrite phase), and contract in a putative t low-spin state, and the high-pressure moments are globally quenched by this distortion.
In summary, we have resolved the origins of the enigmatic pressure-induced transition in the simple fcc magnet MnS 2 . We find that hydrostatic pressure induces structural disordering. Using an evolutionary algorithm and in-situ laser heating, we reveal that this kinetically-hindered transition is due to the presence of a competing spin-chain polymorph with quenched moments. Electronically, this phase behaves as an ordered valence bond system (3D network of dimers, S5). Natural MnS 2 thus exists in two forms, which span the entire range of magnetic behaviours, from classical ordered to valence-bond solid ground states. The disparity between these properties is reflected by a giant 22 % collapse in unit cell volume, which to our knowledge is the largest such electronically-driven effect.
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Methods

A natural single crystal was obtained from the collection of the late Prof. H-G von Schnering.
This sample is believed to have been acquired from the Mineralogisches Museum Münster ca. 1982. A small piece was cracked off and ground into a fine powder for the measurements reported here. The sample was characterised by high resolution synchrotron powder x-ray diffraction using ID31 (E i = 31 KeV) at the ESRF, Grenoble, and by x-ray fluorescence measurements at the MySpot beamline of the BESSY II synchrotron, Berlin. All diffraction data were analysed using the GSAS suite of software. The XRF spectra were fitted using
High pressure diffraction data were acquired using beam lines ID9A (E i = 30 KeV) and ID27 (E i = 33 KeV) at the ESRF.The high pressure experiments were carried out in membrane driven diamond anvil cells using 300 micron diamonds and rhenium gaskets. For the ambient temperature compression runs helium was used as the pressure transmitting medium whilst for the laser heating experiments at high pressure neon was used, also acting as a thermal insulator. The pressure was calibrated using the re-calibrated ruby fluorescence scale. Laser heating was carried out in situ at ID27 using a CO 2 laser (λ = 10.6 µm) and the synthesis processed monitored with x-rays. Temperature was calculated from the thermal emission measurements collected from the hotspot of the CO 2 laser irradiation and fitted to either a Planck or Wein function.
We employed evolutionary algorithms (uspex) developed by A. Oganov 6,7 to perform an unbiased search for the high pressure structure of MnS 2 . Each generation contained between 10 and 25 structures and the first generation was always produced randomly. All structures were locally optimised during structure search using dft with the projector augmented wave 25 (paw) as implemented [22] [23] [24] in vasp. The generalised gradient approximation 26 (gga) in the parametrisation of Perdew, Burke and Ernzerhof was used as approximation for the exchange and correlation functional.
Based on the P=0 GPa pyrite and P=20 GPa arsenopyrite structures of MnS 2 , compression and decompression calculations were performed using the paw basis 25 as implemented in vasp. The structural optimisations were done using a GGA+U functional for the Mn 3d states with U=3 eV and J=1 eV and type 3 antiferromagnetic order. We checked for other magnetic orderings but found them to be always higher in energy. Relaxations under constant pressure were performed using the conjugate gradient algorithm. Relaxations were performed in three subsequent passes, and for all relaxations a 300 eV plane wave cutoff was used in combination with a 6x6x4 Monkhorst-Pack k-mesh.
We finally analysed the electronic structure using two full potential all electron dft methods. We performed calculations of the total energy, of the magnetic moments and of the density of states for the relaxed pyrite and arsenopyrite structures using the linear augmentedplane-wave basis set as implemented 29 in the code Wien2K and using the full potential local orbital basis 30 (fplo). We adopted the gga approximation to the exchange-correlation functional, employing gga+u functionals for the Mn 3d orbitals with U=3 eV and J=1 eV in the fully localised limit, and type-III antiferromagnetic order. The Wien2k calculations were carried out with 200 k points and RK max =9, resulting in converged energies within a tolerance of 0.05 eV. The fplo calculations were performed on a 10x10x10 k-mesh with the same gga+u functional and magnetic order. The pressure-dependence of the band gaps calculated using the lapw method for both phases of One especially large hopping parameter for the shortest Mn-Mn bond appears in the arsenopyrite structure. It corresponds to a 3d xz -3d xz Wannier function overlap
